Burial diagenetic processes largely control sonic velocity and porosity destruction in the Oligocene-Holocene Seaspray Group carbonates of the Gippsland Basin. Extensive cementation of the carbonates begins at around 300-500 m burial depth, and most macroporosity is filled by calcite cement at a burial depth of around 1.5 km. Sonic velocity data from well logs are strongly correlated with the burial diagenetic processes operating in the carbonates. Above 300-500 m burial depth, sonic velocity increases rapidly with depth, with porosity loss being dominated by mechanical compaction. Below 500 m burial depth, the sonic velocity increases at a lesser rate, with porosity loss being dominated by pressure solution and calcite cementation. At these greater depths, sonic velocity (and therefore porosity) is a function of burial depth, carbonate content, and, to a lesser extent, sediment age.
Cadman, 1992). These lateral variations in sonic velocity are largely caused by the presence of a well-developed system of submarine canyons (referred to as channels in the literature on the area) that range in age from Oligocene to Holocene. The spectacular Bass Canyon system is the modern equivalent of this long-lived submarine canyon system.
The Oligocene-Holocene Seaspray Group carbonates of the Gippsland Basin have been drilled very extensively and sampled by about 200 wells (Figure 1 ). Samples are available from burial depths of 0-2.5 km. Furthermore, a very detailed and high-quality seismic database is available. Therefore, the Seaspray Group carbonates offer an ideal opportunity to advance the understanding of burial diagenetic processes and sonic velocity variation in carbonate rocks. Scholle and Halley (1985) commented that predictive models of porosity loss in carbonates were still in their infancy. Little progress toward quantifying porosity loss in carbonates appears to have been made over the last 15 years, as no general quantitative model for carbonate burial diagenesis has yet been developed. Although general porosity-depth curves for carbonates have been presented (e.g., Bassinot et al., 1993) , there is no consensus on factors that control porosity loss.
An area of some progress in carbonate burial diagenesis has been the integration of petrological observations with changes in bulk sediment properties, such as sonic velocity, and bulk density (Anselmetti and Eberli, 1997; Grü tzner and Mienert, 1999) . In this article, we integrate sonic velocity data with petrological observations to constrain factors and processes contributing to porosity loss during burial. We concentrate on the major porosity reduction mechanisms in the sediments rather than on detailed descriptions of cementation textures and sequences.
Regional Geology
The Seaspray Group is present over the whole of the offshore Gippsland Basin in eastern Victoria (Figure 1 ). It is the cover unit for the major reservoir succession (Eocene Latrobe Group) that hosts all of the major oil and gas fields of the basin (Figure 2 ). The Seaspray Group is a nontropical carbonate succession that consists predominantly of clay and carbonate in varying proportions. It is a shallowing-upward succession, with fine-grained marly, deepwater sediments at the base grading up to high-energy shelfal carbonates near the present sea floor (Figure 2 ). The fine-grained basal sediments of the Seaspray Group seal Latrobe Group reservoirs.
The oldest submarine canyons in the Seaspray Group are of Oligocene age. A particularly intense episode of canyon formation occurred during the middle Miocene. These middle Miocene canyons produce most of the sonic velocity problems in the Gippsland Basin. Holdgate et al. (2000) used this canyoning episode and its consequent effects on lithology and wire-line log and seismic char-
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This research is part of an ongoing Australian Research Council-funded project on the nontropical carbonate shelves of the southeast Australian basins. We are grateful to Exxon-Mobil Australia (particularly Doug Schwebel, Glen Nash, and Andrew McKerron) for providing digital logs, seismic profiles, and many helpful technical suggestions throughout the project. We are also indebted to Wiltshire Geological Services for their generous digital log data donation. We would also like to thank the AAPG reviewers Richard Hillis and Joel Watkins for the many helpful suggestions that improved the article. acteristics as a basis for stratigraphically subdividing the Seaspray Group into 3 subgroups (Figure 2 ). The oldest unit is the Angler Subgroup, which consists of deep-water marls (CaCO 3 20-50%) with abundant planktonic foraminifera. The middle unit is the carbonate-rich Albacore Subgroup (CaCO 3 50-80%), which consists of bioclastic marls and limestones preserving multiple submarine canyon cut and fill features. The youngest unit, the Hapuku Subgroup, includes high-carbonate marls (CaCO 3 Ͼ 70%) with interbedded clastic-rich units. Bioclast types in the Seaspray Group include bryozoans, mollusks (particularly in shallow shelfal facies), sponge spicules, and foraminifera.
E A S T E R N H I G H L A N D S S T R Z E L E C K I R A N G E S

Methods
Cutting samples, sidewall cores, and conventional cores were obtained from the sample libraries of the Department of Natural Resources and Environment and the National Museum of Victoria. Near-surface engineering foundation cores were also available for study. Available samples extend from subsediment depths of less than 1 m to the base of the Seaspray Group, a maximum of 2.5 km. We analyzed more than 325 thin sections of sediments from the Albacore 1, Anemone 1, Angler 1, Barracouta 1A, Barracouta 5, Flounder 5, Grunter 1, Helios 1, Hermes 1, Kingfish 5, Kingfish 6, Kingfish foundation boring 3, Mackerel 1, Mackerel foundation boring 3, Marlin 4, Marlin foundation boring 2, Salmon 1, Swordfish 1, Trumpeter 1, Veilfin 1, and Volador 1 wells ( Figure 1 ). Carbonate analysis was performed on more than 400 samples from 19 wells using volumetric analysis of gas evolved after digestion in HCl (similar to Hü lsemann, 1966) . Analytical precision for carbonate analysis was ‫%2ע‬ at 2r. Cuttings samples were predominantly used for carbonate analysis (foundation bore samples were used for very near surface analyses where cuttings samples were absent). The averaging effect in cutting samples (cuttings being derived from a depth interval of several meters) proved ideal for correlation with wire-line log data. Sidewall cores and conventional core did not give a carbonate content that was representative of a sufficient stratigraphic interval to be meaningful at the scale of investigation with which we are concerned.
The age of wells was obtained from unpublished paleontological reports by D. J. Taylor (1965 Taylor ( -1986 and from seismic correlation between wells. The ESSO G1992A two-dimensional seismic data set was used in our study. Paleontological data were supplemented from more recent work by Holdgate et al. (2000) . Quantitative estimates of intraparticle porosity/cementation of foundation cores and cuttings were carried out using image analysis on an optical microscope. Digital wire-line log data were donated by Wiltshire Geological Services and ESSO Australia. All burial depths, wire-line log depths, and sample depths are depths below seabed and are corrected for depth of water and kelly bushing height. Burial diagenetic processes appear to dominate the carbonates of the Seaspray Group. Near-surface carbonate samples (Ͻ100 m burial depth) of Quaternary age are generally poorly consolidated and show little or no evidence of marine cementation. Extensive cementation only begins at around 300-500 m burial depth, and these calcite cements appear to be of burial diagenetic origin (as discussed in a following section).
With respect to near-surface (Ͻ300 m) diagenesis, minor clear equant and micritic cements that have either isopachous or meniscus textures ( Figure 3A ) have been observed from several wells. Aragonite dissolution is also commonly observed at shallow burial depths (Ͻ100 m). Most of the minor cementation observed from near-surface samples is likely of meteoric origin and produced during the glacial lowstand events of the Pleistocene. Some of the near-surface calcite cements may be a product of early burial diagenesis.
Burial Calcite Cementation
A quantitative study of calcite cementation in intraskeletal porosity revealed that clear calcite cements only become widespread at burial depths greater than 300-500 m (Figure 4) . In nearshore wells (e.g., Barracouta 5 and Emperor 1), calcite cements are present at shallower depths than in wells in a more seaward position (e.g., Hapuku 1, Angler 1). At a depth of around 1-1.5 km, clear calcite cements fill all intraskeletal porosity. Clear calcite cementation thus consistently and regularly increases with depth, which strongly suggests a burial origin for calcite cementation. The lack of meteoric diagenetic features such as aragonite dissolution or meniscus textures at burial depths below 200 m also supports a burial diagenetic origin.
Clear calcite cements most commonly have equant crystal fabrics ( Figure 3B ), but fibrous textures are also present. The fabric of the cement appears to be partially controlled by the substrate. Calcite cements within planktonic foraminifera generally have a fibrous texture, whereas cements within bryozoans have an equant texture. Different skeletal components also display different degrees of cementation within intraskeletal porosity. Benthonic foraminifera generally preserve more porosity at a given depth than do the bryozoan fragments. The degree of porosity preservation and cementation in skeletal fragments is also dependent on the size of pores. Large intraskeletal pores obviously retain porosity to greater depths. For all these reasons, the amount of intraskeletal porosity and cement can only be used as a crude indicator of the degree of cementation.
Fine-grained pyrite is also commonly present within the calcite cements and appears to have grown synchronously with the calcite cements. Pyrite is particularly common in the older, more clay-rich Angler Subgroup. Quartz cements are also present (although not dominant) in the deeply buried, clay-rich Angler Subgroup and in places in the Albacore Subgroup (cf. Bernecker et al., 1997) .
Pressure Solution and Stylolitization
The shallowest occurrence of a microstylolite-like feature in a packstone is at a depth of 500 m (well Marlin 4), but this is not typical. Very few signs of pressure solution other than a slight overpacking of grains are visible at depths shallower than 1000 m. Intense and well-developed intergranular pressure solution occurs at depths of around 1500 m and greater ( Figure 3C ). Intergranular pressure solution is most obvious in skeletal packstones. Where intense intergranular pressure solution has occurred, the grains have an elongated appearance ( Figure 3C ). Well-developed microstylolites and low-amplitude clay seams have been observed at depths of around 1700 m in the Kingfish 6 well, where core samples are available ( Figure 3D ). Macrostylolites have not been observed anywhere in the sequence to date.
S O N I C V E L O C I T Y
Sonic velocity logs in the Seaspray Group display a monotonic increase with depth of burial down to the base of the Albacore Subgroup. The increase in sonic velocity vs. burial depth varies from irregular to virtually linear response in some wells. Almost all wells display a drop in sonic velocity at the base of the Albacore Subgroup, and this is more pronounced in the more seaward wells. The lower half of the Albacore Subgroup approximately equates with what has been termed informally the "high velocity zone" of the Seaspray Group (Holdgate et al., 2000) . The drop in sonic velocity at the base of the Albacore Subgroup corresponds to a drop in carbonate content in the underlying Angler Subgroup. The younger Hapuku and Albacore subgroups have average carbonate contents of around 60-80% CaCO 3 , whereas the underlying Angler Subgroup averages less than 50% CaCO 3 .
Carbonate content plotted against sonic velocity ( content is relatively uniform over a large stratigraphic depth in the Albacore Subgroup (e.g., wells Swordfish 1 and Kingfish 5), sonic velocity increases in a linear fashion with depth ( Figure 5 ).
An empirical relationship between sonic velocity, carbonate content, and burial depth is as follows: (1) where v is the sonic velocity (m/s) from the sonic log, c is the CaCO 3 percentage as measured from cuttings samples, and d is the depth below seabed in meters. This relationship is derived for depths ranging from 500 to 2500 m and carbonate contents ranging from 20 to 80% as found in the Seaspray Group.
The function is illustrated graphically in Figure 6 , with the sonic velocity log for the Kingfish 5 well superimposed. Figure 6 shows that a given carbonate content produces a linear gradient on the sonic velocity vs. depth plot. Increasing the carbonate content increases the sonic velocity at a given depth.
Measured carbonate contents and burial depths thus can be used to estimate a predicted sonic velocity, which can be compared to the measured sonic velocity . Measured sonic velocities (from sonic log) compared with predicted sonic velocities derived from equation 1 (using carbonate content and burial depth) for the Kingfish 5 and Swordfish 1 wells. Note the marked divergence between the two curves at depths shallower than 500 m. from the sonic log (e.g., Figure 7 ). This results in errors between measured (smoothed) and predicted sonic velocities that are typically less than 5% in all wells examined for all depths greater than 500 m.
Sonic Velocity at Shallow Depths
In wells where the carbonate content is relatively uniform and linear, increases in sonic velocity with depth are well developed (e.g., Kingfish 5 and Swordfish 1 wells). A noticeable change in velocity-depth gradients occurs at around 300-500 m depth (Figures 5, 7 ).
Above this depth threshold, sonic velocity increases more rapidly with depth.
Data from the Kingfish 5 and Swordfish 1 wells illustrate the change in sonic behavior at around 300-500 m ( Figure 5 ). The downhole carbonate contents in Kingfish 5 and Swordfish 1 indicate that no major change occurs across the 300-500 m depth interval ( Figure 5) . Similarly, the gamma-ray log shows an overall slight decrease above 300-500 m depth, consistent with a slight increase in carbonate content. When equation 1 is applied to the carbonate data of Kingfish 5 and Swordfish 1 to predict sonic velocity, there is a marked divergence of predicted velocities from measured velocities in the shallow parts of the section (Figure 7 ). These observations suggest that equation 1 is not valid for depths of burial shallower than 500 m.
Although there is a shortage of wells with very shallow sonic velocity data, the empirical sonic velocity function derived from available data in relatively pure carbonates above 500 m burial depth is approximately as follows:
where v is the sonic velocity (m/s) from the sonic log and d is the depth below seabed in meters. This function would indicate a sediment surface velocity of around 1650 m/s, which is consistent with observed Figure 8 . Measured sonic velocities (from sonic log) compared with predicted sonic velocities derived from equation 1 (using carbonate content and burial depth) for the Helios 1 and Hapuku 1 wells. Both of these wells have thick Pliocene sections, and, in both, the measured sonic velocities are significantly lower than are predicted from equation 1. values from modern carbonates (Urmos et al., 1993; Grü tzner and Mienert, 1999) . Sonic velocity above 500 m is also controlled by carbonate content, with low-carbonate lithologies having lower velocities. However, we have insufficient data to quantify the effect of carbonate content at shallow depth. Virtually all wells with shallow sonic velocity data show a marked change in gradient at around 300-500 m depth, and this is independent of the position of the well in the basin. Thus, the change in sonic velocity behavior is independent of sedimentary facies. This would suggest that depositional fabric changes are not responsible for the change in sonic velocity behavior at approximately 300-500 m depth.
Age Control on Sonic Velocity
Several wells show a significant difference between the predicted (using equation 1) and measured sonic velocities, most notably in Helios 1 and Hapuku 1 ( Figure  8 ). In these wells, the whole section has measured sonic velocities that are lower than the predicted velocities. There appears to be no sedimentological or facies relationship between these wells. Helios 1, for example, has lithofacies and carbonate contents that are almost identical with those of adjacent wells like Hermes 1 that have a near-perfect fit with predicted velocities.
The average age of the anomalous sections is the only factor that appears significant. In wells with younger than average sections (like Helios 1 and Hapuku 1), measured sonic velocities are lower than predicted, whereas the reverse is true in wells with older sections (like Albacore 1 and Veilfin 1). Figure 9 illustrates a plot of age of section (as indicated by percentage pre-Pliocene section) vs. av-erage difference between predicted (from equation 1) and measured sonic velocity for wells with measured downhole carbonate contents. Wells with relatively young sections have lower than predicted sonic velocities.
These age relationships indicate that equation 1 is strictly only valid for wells that have a relatively small Pliocene section and that are predominantly of Miocene age.
Lateral Sonic Velocity Variation in the Seaspray Group
Sonic velocities in the Seaspray Group are laterally variable, and this has caused many problems in accurate time-depth conversion, leading to erroneous structural interpretations for the Latrobe Group reservoirs. Several published articles (e.g., Bein et al., 1973; Maung and Cadman, 1992 ) and many more unpublished proprietary reports exist on the problem. Maung and Cadman (1992) suggested that lateral velocity variations in the Seaspray Group were largely associated with submarine canyons, and this was confirmed in our study. Figure 10 illustrates an interpreted seismic profile across the Salmon-Veilfin-Swordfish canyon with carbonate contents and sonic velocities superimposed. Carbonate contents are higher in the Albacore Subgroup canyon-fill sediments (60-80% CaCO 3 ) than in the older, incised Angler Subgroup sediments (Ͻ50% and commonly lower than 40% CaCO 3 ). The sonic velocity variations across the Salmon-Veilfin-Swordfish canyon reflect the carbonate contents and depth of burial, according to the empirical relationship derived from equation 1.
In many canyon-fill sequences of the Seaspray Group, the highest velocities are associated with the basal sections of downlapping seismic reflectors, which terminate downward onto the erosional wall or base of the canyons. We have observed this feature in the Veilfin-Swordfish-Salmon canyon (Figure 10) , the Kingfish field, the Angler region, and the Albacore-Hermes-Helios canyon. In each case, the highest carbonate contents (and highest velocities) are found within the downlapping reflectors. In every well examined that has such downlapping reflectors (Albacore 1, Angler 1, Hermes 1, Kingfish 5, Veilfin 1, Swordfish 1), carbonate contents decrease upward (for approximately 400 m) from the basal erosion surface. Similarly, carbonate contents decrease laterally away from the downlapping reflectors.
D I S C U S S I O N
Sonic velocity is strongly related to porosity in sedimentary rocks (Wyllie et al., 1958) . The increases observed in sonic velocity with depth are thought to be largely the result of compaction and porosity loss during burial. The behavior of sonic velocity vs. depth therefore can be used as a monitor of burial diagenesis and porosity loss. A departure from the normal compaction curve has been used to infer uplift and/or overpressuring (e.g., Hillis, 1995; Japsen, 1998) .
In the Seaspray Group, sonic velocity-depth curves display a break in slope at around 300-500 m. From petrological analysis of samples in the Seaspray Group, the 300-500 m sonic velocity change is significant because this is the burial depth at which burial calcite cements first become extensive. We therefore postulate that the change in sonic velocity gradient with depth is due to a change in the dominant porosity reduction mechanism from almost pure mechanical compaction at shallow depths to calcite cementation. The more rapid increase in sonic velocity with depth above 500 m would suggest that mechanical compaction more rapidly reduces porosity than calcite cementation.
Nicolaides and Wallace (1997a) noted a dramatic increase in the degree of cementation and pressure solution at a depth range of 430-550 m in the Oligocene-Miocene Otway Basin carbonates. In an experimental compaction study in limestones, Shinn and Robbin (1983) noted that mechanical compaction ceased at pressures equivalent to 305 m, and this is consistent with the results from the Seaspray Group.
Below a burial depth of 500 m, sonic velocity increase (and hence porosity loss) largely is governed by three variables: burial depth, carbonate content, and sediment age. Sonic velocity can be predicted to a reasonable degree of accuracy from a simple linear function of burial depth and carbonate content over a depth interval of 500 m to at least 2.5 km. This suggests that the same porosity reduction mechanism is operating over this depth interval. The only petrologically visible mechanism of porosity reduction in the carbonates over this depth interval is burial calcite cementation (probably linked to pressure solution). We suggest, therefore, that pressure solution and calcite cementation are largely, if not completely, responsible for the predictable sonic velocity increase (and porosity loss) in the Seaspray Group.
Diagenetic processes observed in thin section in the Seaspray Group are dominated by burial calcite cementation. Meteoric and marine diagenesis have had little effect on the sequence, and this is consistent with observations from other nontropical carbonate sequences (James and Bone, 1989) . The dominance of burial diagenetic processes in controlling porosity loss is completely consistent with the very linear and predictable increase in sonic velocity with depth, carbonate content, and age. If other processes such as meteoric cementation were important in the Seaspray Group, a more erratic sonic velocity curve would be expected, with zones of high velocity being found (in zones of intense cementation).
Note that whereas intraskeletal porosity is reduced to zero by a burial depth of 1.5 km, sonic velocity and porosity continue to decrease in the same predictable fashion to at least 2.5 km depth. However, intraskeletal macroporosity is only one form of porosity in the lithologies and can only be used as a crude indicator of the degree of cementation. As already noted, different types of intraskeletal porosity are filled at different rates (e.g., benthonic foraminifera retain their porosity for longer than most bryozoan fragments). Also likely is that intergranular porosity is cemented at a different rate from intraskeletal porosity.
Microporosity within the micrite/clay matrix almost certainly accounts for most of the porosity within the samples. The continued decrease in porosity (and increase in sonic velocity) after all macroporosity has been lost in the samples is probably due to cementation of microporosity in the matrix.
Diagenetic Processes Controlling Sonic Velocity and Porosity Loss
Three factors appear to largely control sonic velocity increase at depths below 500 m: depth of burial, carbonate content, and sediment age. Each of these factors can be related directly to the petrological processes believed to be responsible for porosity loss in the Seaspray Group (i.e., pressure solution and burial calcite cementation).
Depth of burial is a primary control on sonic velocity and clearly has a strong effect on the rate of pressure solution. Increased effective lithostatic stress increases the rate of pressure solution and, hence, increases the supply of calcite for burial calcite cementation. Carbonate content also has a primary control on sonic velocity, and this can be related to two factors. First, the proportion of clay/ carbonate affects the matrix velocity of the lithology (Wyllie et al., 1958) . Second, the presence of carbonate largely causes porosity reduction (via calcite cementation and pressure solution). The amount of carbonate in the rock, therefore, strongly influences the rapidity of cementation during burial.
Although some authors previously have demonstrated the effect of carbonate content on sonic velocity (e.g., Jankowsky, 1970) , most research on carbonates has emphasized other factors, such as carbonate cementation, sedimentary fabric, and localized diagenetic effects, as being important (e.g., Anselmetti and Eberli, 1997) . Our results do not contradict those of previous studies, however, because, as discussed in preceding sections, carbonate cementation is related to carbonate content. Furthermore, much previous research on sonic velocity and diagenesis in carbonates has focused on warmwater carbonates Eberli, 1997, 1999) . Warm-water carbonates typically have more uniformly high carbonate contents, making the carbonate content less important. Also, localized nearsurface diagenetic processes are much more important in warm-water carbonates than in cool-water carbonates.
The effect of sediment age is the most difficult factor to quantify in the Seaspray Group because the age difference between wells from the Seaspray Group is not large enough (and partly because the age resolution in the Seaspray Group is not good). However, a relationship exists between relatively young sections and lower than expected velocities. Faust (1951) also noted, in a general way, that older sediments had higher velocities than younger sediments, but this observation is seldom discussed in more recent reports on sonic velocity.
If pressure solution and cementation were the major processes controlling porosity loss (and hence sonic velocity increase), then sediment age would be expected to have an influence. Cementation and pressure solution are physicochemical processes that require time to operate and likely would obey a function similar to the various maturation functions (i.e., an integrated function of depth of burial, carbonate content, and time). If this were correct, then sonic velocity would be expected to be controlled not simply by the age of the sediment but by the burial history to which the sediment has been subjected. Although evidence of a time control on sonic velocity in the Seaspray Group exists, the data are insufficient to fully quantify this effect.
Lateral Sonic Velocity Anomalies and Submarine Canyons in the Seaspray Group
Several studies have examined the problem of lateral velocity variation in the Seaspray Group (Bein et al., 1973; Maung and Cadman, 1992) . Feary and Loutit (1998) produced the most recent analysis of the problem using a sequence stratigraphic approach. Feary and Loutit (1998) concluded that meteoric and marine diagenetic processes associated with sequence boundaries were probably responsible for high-velocity zones in the Seaspray Group. Feary and Loutit (1998) inferred the presence of sinkholes and karst structures on seismic profiles and used these as evidence of extensive meteoric diagenesis. We found no evidence for extensive meteoric diagenesis in the carbonates of the Seaspray Group (except in the very near surface Quaternary carbonates that have minor meteoric meniscus cements). We also found no evidence that marine diagenesis is responsible for the very extensive high-velocity zones of the Seaspray Group. Furthermore, the sonic velocity data and petrological evidence indicate quite clearly that burial diagenesis (calcite cementation and pressure solution) is the dominant control on sonic velocity. Feary and Loutit (1998) appear to have concentrated on small-scale (a few tens of meters) sonic velocity variations that produce strong acoustic impedance contrasts and consequently produce strong seismic reflectors. These small-scale variations may be partially controlled by a variety of synsedimentary or early diagenetic processes, such as marine cementation, early diagenetic bacterially mediated cementation (e.g., bacterial oxidation, fermentation), or early diagenetic dolomitization, which have been documented to occur in nontropical carbonates (e.g., Nicolaides, 1997; Nicolaides and Wallace, 1997b) . However, the much larger scale lateral and vertical variations in sonic velocity that have caused problems in structural seismic interpretation are not produced by these processes.
Most of the intense lateral velocity changes are directly associated with canyon facies (Maung and Cadman, 1992) . Based on our analysis of the petrology, carbonate content, and sonic velocity structure of the Seaspray Group, the higher carbonate contents of the submarine canyon facies clearly are the primary cause of the high-velocity zones; the Salmon-Veilfin-Swordfish canyon (Figure 10 ) illustrates this well. During burial diagenesis, the carbonate-rich canyon facies becomes calcite cemented, producing a high-velocity canyon fill. The underlying and adjacent low-carbonate facies are not so well cemented during burial and thus have lower sonic velocities at depth. These high-velocity zones can produce a pronounced pull-up on the top of the Latrobe Group (e.g., Figure 10) . Figure 11 illustrates a depth section for the Salmon-Veilfin-Swordfish canyon derived from the velocity model of Figure 10 . The presence of the canyon has had a significant effect on the shape of the top Latrobe Group surface. On the depth section (Figure 11 ), the apparent dip on the top Latrobe Group surface is toward the northeast, between wells Bream 5 and Salmon 1, whereas on the seismic time section (Figure  10 ), the apparent dip on this surface is toward the southwest. This would clearly alter the interpretation of structural closure on the top Latrobe surface for this region.
A sedimentological explanation for the highcarbonate canyon fill is that the submarine canyons have transported carbonate-rich outer-shelf and upperslope material down slope into deeper, carbonatepoor environments. This high-carbonate material subsequently fills the canyons. The sonic velocity anomalies, therefore, are ultimately a product of submarine canyon formation combined with carbonate burial diagenesis.
As discussed previously, the highest velocities are almost invariably associated with prominent downlapping seismic reflectors. We interpret these high-velocity zones that have distinctive downlapping reflectors as laterally migrating canyons. We believe the downlapping reflectors are the accretionary walls of the laterally migrating canyons. An analogous (but smaller scale) situation is that found in nonmarine fluvial successions that have laterally migrating channel facies (e.g., Bridge and Jarvis, 1982) . The equivalent downlapping beds are termed "lateral accretion surfaces" and are produced by point-bar migration. As in the pointbar situation, the coarsest (or most carbonate-rich, in the case of submarine canyons) sediments are found directly overlying the erosional base of the channel (Figure 12 ).
Although we have examined only 20 wells from various parts of the Seaspray Group, we expect that high-velocity zones are primarily restricted to submarine canyon facies and/or other zones of high carbonate Figure 11 . The seismic line in Figure 10 , converted to depth using the velocity model of Figure 10C . Dashed line at base is the shape of the top Latrobe horizon in two-way traveltime for comparison. Note that the shape of the top Latrobe horizon has changed substantially. The pull-up structure evident on the time section beneath Veilfin ( Figure 10C ) has virtually disappeared. The top Latrobe horizon between Bream 5 and Salmon 1 also has changed dip direction (dips east on depth section and west on time section).
content across the whole of the Seaspray Group shelf.
Implications for Petroleum Exploration
Seismic time-depth conversion is a very important component in the assessment of prospects for exploration. Sonic velocity variations within carbonate sequences have caused considerable time-depth conversion problems by distorting the structure of the underlying reservoir intervals. As discussed in preceding sections, the submarine canyons of the Seaspray Group cause pull-up structures that hinder structural interpretation of the top Latrobe reservoir interval (Holdgate et al., 2000) . Similarly, in the Northwest Shelf-Timor Sea region of Western Australia, lateral velocity variations in the Tertiary carbonates and clastics that overlie reservoir intervals have hindered accurate structural interpretations (Cowley, 1989; Woods, 1991) . Understanding the geological controls on sonic velocity in carbonate sequences is, therefore, important in producing more accurate time-depth conversions and, hence, more accurate structural interpretations.
The geological controls on sonic velocity determined from cool-water carbonates in our study are probably applicable, at least in part, to many carbonate sequences. In tropical water carbonate sequences, however, both burial diagenetic and near-surface diagenetic processes (e.g., marine and meteoric cementation) Choquette, 1984, 1985) are likely to affect sonic velocity. 
C O N C L U S I O N S
Diagenesis in the nontropical carbonates of the Seaspray Group is dominated by burial processes, particularly calcite cementation and pressure solution. Neither meteoric nor marine diagenesis appears to be a significant factor in porosity reduction within the carbonates.
Sonic velocity (and porosity loss) appears to be controlled largely by mechanical compaction during shallow burial (above a depth of 300-500 m). At burial depths greater than 300-500 m, calcite cementation and pressure solution appear to be the dominant processes that destroy porosity and increase sonic velocity. Sonic velocity below 500 m depth is a function of burial depth, carbonate content, and, to a lesser extent, sediment age. An empirical relationship between sonic velocity, burial depth, and carbonate content predicts average sonic velocity to within 150 m/s of the actual values over a burial depth range of 500-2500 m. Only wells with exceptionally young sections deviate (having lower velocities) from this relationship. The fact that sonic velocity is so strictly governed by burial depth and carbonate content strongly supports petrological observations that burial diagenetic processes dominate porosity reduction in the sequence.
Lateral sonic velocity anomalies within the Seaspray Group are largely caused by the carbonate-rich nature of the submarine canyon-fill sediments (as opposed to surrounding noncanyon sediments). During burial, these carbonate-rich canyon-fill sediments are more rapidly cemented by calcite, producing higher sonic velocities than the surrounding strata.
